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Introduction:
Regularly performed exercise may attenuate, or even prevent, the age-associated decrease in vascular function, reducing the risk of cardiovascular disease in older adults (Seals et al. 2009 ). Despite such benefits, only 12% of Canadian older adults achieve the national physical activity guidelines that recommend 150 minutes of moderate-vigorous physical activity (MVPA) per week (Statistics Canada 2015) . Moreover, elderly persons typically spend the majority of their day engaged in sedentary behaviors (e.g., sitting or lying down; Harvey et al. 2015) , which represents an increased risk for the development of cardiovascular complications independent of time spent in MVPA (Katzmarzyk et al. 2009) . Older adults who meet the MVPA guidelines have a 30% decreased relative risk of morbidity and mortality, with the dose-response relationship demonstrating that further risk-reductions in morbidity and mortality are achieved (~60%) through increases in aerobic fitness (Paterson and Warburton 2010) .
Aging is associated with chronic low-grade inflammation and increased oxidative stress, which contributes to endothelial dysfunction and a decrease in nitric oxide (NO) bioavailability (Ungvari et al. 2010) . The flow-mediated dilation (FMD) technique is a commonly used surrogate measure of vascular health, has been primarily performed in the brachial artery (BA) and can help predict the risk of future cardiovascular events (Inaba et al. 2010) . However, heterogeneity exists in the FMD response of upper-and lower-limb arteries (Thijssen et al. 2011b) , and the lower limb vasculature [e.g., popliteal artery (POP)] is more susceptible to the development of atherosclerosis (Debasso et al. 2004) . BA-FMD and POP-FMD responses are both impaired in older adults, which has been partially attributed to diminished vascular smooth muscle responsiveness to NO (Parker et al. 2006 ). D r a f t 4 While aerobic training can augment conduit artery function and induce favorable structural adaptations in older adults (Thijssen et al. 2010) , the relationship between habitual physical activity and sedentary behaviours on vascular function in this population is unclear. It has been observed that older adults who self-report higher levels of physical activity have either greater (Pierce et al. 2011; Walker et al. 2014) or similar (Siasos et al. 2013 ) BA-FMD compared to those who report less physical activity. A contributing factor to these discrepant findings may be that subjective measures of physical activity are generally unreliable when compared to objectives measures (e.g., pedometers and accelerometers) (Prince et al. 2008) .
Step and accelerometer counts are positively related to BA-FMD in patients with peripheral artery disease (Payvandi et al. 2010) , and a 12-week pedometer-based interventional study demonstrated that 140 minutes per week of moderate-intensity physical activity improved BA-FMD in older adults (Suboc et al. 2014) . However, to date, no study has directly compared vascular health in older adults who are, or are not, achieving the recommended MVPA guidelines. Furthermore, no study has adapted an all-encompassing approach, incorporating concurrent objective measures of aerobic fitness, physical activity and inclinometer determined sedentary activity.
One limitation of past research is that confounding factors known to influence vascular function, such as aerobic fitness and sedentary time, have not been concurrently assessed and/or fully considered (Franzoni et al. 2005; Suboc et al. 2016; Bailey et al. 2017) . Most studies have focused on the upper-limb vasculature even though arteries in the lower-limb are more susceptible to the progression of atherosclerosis. As such, investigation into the relationship between aerobic fitness, habitual physical activity and sedentary times on lower-limb vascular function is warranted.
The objective of this study was to compare upper-and lower-limb vascular function in older adults who, when objectively measured, achieve current MVPA guidelines versus those who do not. In addition, we investigated the correlational relationship between aerobic fitness, MVPA and sedentary time on endothelium-dependent (BA and POP) and -independent (POP only) vasodilation in older adults. We hypothesized that older adults who achieve the MVPA guidelines would demonstrate superior vasodilatory responses in both limbs. Furthermore, considering the direct relationship between changes in daily step counts and POP shear stress patterns (Boyle et al. 2013) , we hypothesized that weekly MVPA and sedentary times will be related to lower-limb vascular function in older adults.
Methods:

Participants:
All protocols and procedures were approved by the Dalhousie University Health Sciences
Research Ethics Board and the Acadia University Research Ethics Board. Twenty-one older (>55 years), normotensive adults provided written, informed consent to participate in this study.
Participants were dichotomized into those who achieved 150 minutes of objectively measured MVPA per week (Active, n=11; 7♀) versus those who did not (Inactive, n=10; 7♀). Descriptive and activity-related data are presented in Table 1 . Participants were cleared for MVPA using the Physical Activity Readiness Questionnaire Plus (Warburton et al. 2011) . Three participants were on low-doses of blood pressure medication (Inactive: n=2; Active n=1) and one person in the Active group was asthmatic.
Experimental Design:
Participants reported for two separate laboratory sessions. Day 1 was dedicated to the assessments of BA and POP vascular function. On Day 2 they completed a graded, maximal D r a f t 6 cycling exercise test to determine aerobic fitness. Day 1 was conducted either prior to, or a minimum of 48 hours following the graded exercise test (see below for details). To minimize confounding influences on endothelial-dependent dilation, vascular assessments were performed 6 hours post-prandial, and participants avoided strenuous physical activity, as well as, the consumption of products known to acutely influence FMD responses (e.g., caffeine, chocolate, kiwi, saturated fats, folic acid supplements, antioxidant and multivitamin supplements) for 24 hours, consistent with FMD guidelines (Thijssen et al. 2011a) . At least 48 hours following the determination of aerobic fitness and vascular health, physical activity and sedentary behaviors were measured over a 5-day period (see below for details). All study visits were performed in a thermoneutral environment (21°C).
Experimental Protocol:
Anthropometrics & Aerobic Fitness:
Height and body mass were measured using a calibrated stadiometer (Health-O-Meter, McCook Il, USA) to the nearest 0.5 cm and 0.1 kg, respectively. Waist circumference was measured from the uppermost lateral border of the iliac crest and was recorded to the nearest 0.5
cm. An incremental and maximal exercise test on a cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands) was administered to determine peak oxygen uptake (VO 2 peak) via a mixing chamber-based commercial metabolic system (TrueOne 2400 recommendations for physical activity and sedentary behaviour monitoring in older adults (Hart et al. 2011 ). Daily step counts and MVPA were assessed using the PiezoRx ® , which is a medical grade physical activity monitor that uses step rate thresholds to determine time spent in MVPA.
The PiezoRx ® is a valid measure of step count in older adults (Webber et al. 2014) . Observations outlining important considerations for field-based research (Edwardson et al. 2016) .
Hemodynamics:
Heart rate (HR) was determined via cardiac intervals obtained from lead II of a bipolar electrocardiography configuration. Brachial measurements of systolic blood pressure and diastolic blood pressure were recorded by an automated patient vital signs monitor (Carescape v100®, General Electric Healthcare). HR was sampled continuously at 1000 Hz using a PowerLab (PL3508 PowerLab 8/53, ADInstruments, Sydney, Australia) data acquisition system D r a f t 8 and displayed in real-time and analyzed offline using LabChart software (ADInstruments, Sydney, Australia).
Vascular Measures:
The right BA and left POP were imaged with participants in the supine and prone positions, respectively. The BA was imaged 3-5cm proximal to the antecubital fossa and the POP was imaged proximal to the bifurcation at or slightly above the popliteal fossa. A pressure cuff attached to a rapid cuff inflation system (E20 and AG101, Hokanson Resting artery lumen diameter and blood flow velocity were measured for a minimum of two minutes before inflation of the pneumatic cuff. The pressure cuff was rapidly inflated to 250 mmHg for five minutes. Continuous arterial lumen diameter and blood flow velocity recordings were collected throughout the cuff inflation period. Upon release of cuff pressure, lumen diameter and velocity recordings continued for an additional five minutes. A minimum of 10 minutes separated the BA and POP FMD assessments to allow resting blood flow and shear rates to return to baseline levels.
D r a f t
In addition to the FMD technique, the POP was imaged for 1-minute before and 10-minutes following a sublingual administration of nitroglycerin (0.4 mg) as an index of endothelial-independent vasodilation (Chen et al. 2002) . At least 10 minutes of rest was provided between completion of the FMD assessments and the start of POP-NMD testing.
Data Analysis:
Relative VO 2 peak data were divided by 3.5 ml/kg/min to calculate peak metabolic equivalents (Peak MET). A minimum 4 days of Valid PiezoRx ® data (including 1 weekend day)
were considered sufficient for analysis if a minimum 10 hours of wear time per day was achieved. These data were then adjusted to estimate one-full week of activity. Participants selfreported how many hours per day they wore the PiezoRx ® and their time spent awake to accommodate activPAL ® analysis of waking sedentary time. ActivPAL ® data were exported from the activPAL ® software (version 5.8.5) and analyzed using a customized LabVIEW program (LabVIEW 2013; National Instruments, Austin, TX) that summarized daily averages of awake time spent standing, sitting and lying down.
Vivid i ultrasound video signals were exported to an external laptop via a video graphics array converter (Epiphan Systems Inc., VGA 2 USB, Ottawa) for offline analysis.
Analysis of artery diameter, blood flow velocity and shear rate (i.e., frictional forces of blood flow on the endothelium) were performed using automated commercial edge-detection and walltracking software (FMD Studio, Cardiovascular Suite, Quipu, Pisa, Italy). Vascular measurements were completed by MWO and SAR who demonstrated inter-tester coefficients of variation (CV) of 1.1%, 4.3% and 3.9% for baseline diameter, FMD% and NMD%, respectively.
These CV values are consistent with previous research using automated edge-detection software (Ratcliffe et al. 2017 ). Blood flow was calculated as mean blood flow velocity × 60 × π × lumen D r a f t 
Statistical Analysis:
Baseline characteristics, resting hemodynamics, pedometer wear time, VO 2 peak, MVPA time, sedentary time, standing time and vascular measurements were compared between Active and Inactive groups using independent samples t-tests. Within group differences between BA-FMD, POP-FMD and POP-NTG were calculated using a one-way ANOVA for both the Active and Inactive groups. The variance of differences was assessed using Mauchly's test of sphericity.
Bonferroni post-hoc testing was conducted on statistically significant ANOVAs. Pearson's correlations were used to evaluate the relationship between VO 2 peak, MVPA time and sedentary time with measures of vascular function in the pooled sample. Pearson correlations were interpreted as follows: <0.5 (weak), 0.5-0.7 (moderate) and >0.7 (strong) (Hinkle et al. 2003) .
All data were assessed for normality using a Shapiro-Wilk test and found to be normally distributed (all, p>0.1). All statistics were completed in SPSS Version 23.0 (IBM, NY) statistical D r a f t program. Statistical significance was accepted as p < 0.05. All data are presented as means ± standard deviations (SD).
Results:
There were no differences (all p>0.05) in age, waist circumference, body mass index, resting hemodynamics, VO 2 peak or sedentary time between the Active and Inactive groups ( Table 1) . As shown in Table 1 , those who met the MVPA guidelines accumulated 44% more steps per day and participated in 87% more weekly MVPA (both, p<0.001) than those who did not. The Active and Inactive groups reported similar pedometer wear times of 13.7 ± 1.3 and 13.4 ± 1.6 hours/day (p=0.67), respectively.
TABLE 1
No group differences were noted for resting diameter, blood flow velocity or blood flow in either the BA or POP (all, p>0.05; Table 2 ). The Inactive older adults had lower relative BA-FMD (3.58 ± 1.72% vs. 5.09 ± 1.27%; p=0.03) and a lower POP-FMD (1.27 ± 0.81% vs.
2.62±1.14%; p=0.006) than those who achieved the minimum MVPA guidelines (Figure 1) .
Additionally, the Inactive group had lower POP endothelial-independent dilation response (3.34 ± 2.06% vs. 5.12 ± 1.74%; p=0.04). As expected, POP-FMD was less than POP-NMD within groups (Active: p<0.001, Inactive: p=0.01) and POP-FMD was less than BA-FMD (both p<0.001).
TABLE 2 FIGURE 1
The correlations between VO 2 peak, MVPA, step count, standing time and sedentary time versus the vascular measures for the pooled sample are presented in Table 3 
Discussion
The purpose of this study was to compare upper-and lower-limb vascular health in older adults who achieved the Canadian physical activity guidelines of 150 minutes of weekly MVPA to age-and sex-matched peers who did not. The findings of this study suggest that older adults who met the MVPA guidelines have augmented endothelial-dependent (BA and POP) and endothelial-independent (POP) vasodilatory responses. Importantly, these superior vascular responses were not due to differences in aerobic fitness or weekly sedentary time. We also observed moderate-strong positive relationships between measures of physical activity (e.g., MVPA and daily step counts) with BA-FMD, POP-FMD and POP-NMD in the pooled sample of older adults. This represents the first evidence to verify that meeting the national guidelines for MVPA has a direct and beneficial effect on blood vessel health in an older population.
Although this is the first study investigating habitual activity on BA-FMD to incorporate an objective measure of physical activity and an inclinometer for sedentary activity, previous self-report studies are consistent with our findings. Walker and colleagues (2014) (Suboc et al. 2014) . On the contrary, achieving 10000 steps per day, or ≥30 minutes per days (not in bouts) did not result in BA-FMD improvements in their older population (Suboc et al. 2014) . In keeping with these previous reports, our findings suggest that improvements in upper-limb endothelial function are largely influenced by the accumulation of more higher-intensity daily physical activity.
Our population is representative of a typical older Canadian with an average VO 2 peak of ~7 METs ("fair" to "good" range; CSEP 2013) (Statistics Canada, 2011) and ~8.5 hours per day of sedentary time (Statistics Canada 2015). As such, older adults with poor aerobic fitness or those engage in excessive sedentary time (e.g., >12 hours/day) may demonstrate larger impairments in vascular function, independent of MVPA time. Certainly, increased MVPA is associated with greater aerobic fitness, perhaps, a larger sample of older adults who meet, and do not meet MVPA guidelines would observe differences in VO 2 peak. This is especially of interest given the moderate correlations between VO 2 peak to both BA-FMD and POP-FMD. However, our Active and Inactive groups had similar levels of aerobic fitness and sedentary time, which allowed us to isolate the independent effects of MVPA on vascular health.
This study is the first to investigate BA-FMD or POP-FMD responses in combination with objective physical and sedentary activity monitoring, which included a medical grade physical activity monitor and an inclinometer that distinguishes time spent standing (antisedentary behavior) from sitting and lying down. As such, future studies in this area are D r a f t recommended to incorporate objective measures, because of the known social desirability bias of questionnaires assessing time spent engaging in physical activity and sedentary behaviors (Prince et al. 2008; Fowles et al. 2017) . Discrepancies in subjective measures may, in part, explain the lack of differences observed by Siasos et al. (2013) in the FMD response of older adults classified as engaging in low (4.8 ± 2.6%), medium (5.3 ± 2.9%) or high (5.9 ± 4.1%) levels of physical activity. Interestingly, their BA-FMD responses (4.8% to 5.9%) are similar to our
Active group (5.1 ± 1.3%) and are marginally higher than the Inactive group (3.6 ± 1.7%).
Furthermore, the POP-FMD data from our Inactive and Active groups are consistent with those observed by Nishiyama et al. (2008) (1.6 ± 0.5%) and Angerer et al. (2000) (2.9 ± 3.6%), respectively. Parker et al. (2006) observed a POP-NMD of 3.0 ± 0.7% in a sample of older women. Despite their clinical relevance, no study to date has examined POP-FMD and POP-NMD in male and female older adults.
One proposed mechanism behind the beneficial effects of meeting the MVPA guidelines are physical activity-induced increases in blood flow and shear stress, particularly in the lowerlimb vasculature (Pitsavos et al. 2005) . Shear stress is the stimulus responsible for the production of NO and plays a primary role in the reduction of POP endothelial function observed during short-term reductions in daily physical activity levels (Boyle et al. 2013; Teixeira al. 2017 ).
However, these previous studies did not investigate whether reductions in physical activity were associated with an increase in time spent sitting or lying down. In the present study, no differences were observed in the SR AUC response (i.e., an indication of microvascular function) despite a lower FMD response, indicative of reduced macrovascular function, in both arteries of the Inactive group. This may be attributed to age-associated increases in oxidative stress or endothelin-1 levels, which inhibit and counteract NO-induced vasodilation (Beckman et al. 1990 ; Donato et al. 2009 ). The age-associated increase in oxidative stress and endothelin-1 can be attenuated with regular aerobic exercise (Nyberg et al. 2013; Sallam and Laher 2016) . It is plausible that achieving the minimum MVPA guidelines provided a sufficient stimulus to reduce oxidative stress and/or endothelin-1 concentration in the Active group (Ungvari et al. 2010) , which may have contributed to their higher BA-and POP-FMD response. Additionally, oxidative stress reduces the bioconversion of nitroglycerin to NO within vascular smooth muscle cells (Mülsch et al. 2001; Münzel et al. 1995) , which may partially explain the lower POP-NMD response of the Inactive group. More recently, higher levels of self-reported physical activity and measured aerobic fitness were associated with decreased endothelial cell senescence in older adults, which is proposed to be a contributing mechanism related to how exercise mitigates the age-associated decline in endothelial function (Rossman et al. 2017) . However, the influence of physical activity and/or exercise on endothelial cell senescence has yet to be fully uncovered.
Interestingly, BA and POP resting diameter, blood flow and shear rate were similar between the Active and Inactive groups. While some models of physical inactivity (e.g., 5 days of reduced step count and bed rest) observe decreases in arterial diameter (Bleeker et al. 2005; Boyle et al. 2013) , vascular tone is regulated by many factors, which limits its generalizability as a measure of vascular structure (Thijssen et al. 2010) . We did observe differences in nitroglycerin-induced maximal dilatory capacity in the popliteal artery, suggesting potential lower limb structural differences between the Active and Inactive groups. Specifically, the increased maximal dilatory capacity may be indicative of augmented vascular compliance in the presence of exogenous NO, potentially due to the positive effects of physical activity on elastin and collagen in older adults (Gates and Seals 2006) . Thus, interventional studies should Data are presented as means ± SD. FMD, flow-mediated dilation; SR AUC , shear rate area under the curve to peak dilation. *, p < 0.05 vs Inactive within the same artery. 
